Abstract-We tested hypotheses that disproportionately large placental size and vascular lesions were associated with high systolic blood pressure (SBP); and these associations might be more evident with age. The sample included 13 273 of 40 666 full-term singletons in the Collaborative Perinatal Project. Placentas were examined by pathologists blinded of pregnancy courses and outcomes. The 4-month and 7-year SBPs were measured with palpation and auscultation methods, respectively. We found that placental weight (adjusted mean difference corresponding to an increase by 1 SD 0.50 [95% CI, 0.33 to 0.68]) and placenta-fetus weight ratio (0.37 [95% CI, 0.19 to 0.54]) was positively associated with 7-year SBP but not associated with 4-month SBP. Placental largest and smallest diameters and area were negatively associated with 4-month SBP but positively with 7-year SBP. Placental thickness was negatively associated with 4-month SBP only. Key Words: placenta Ⅲ placental insufficiency Ⅲ placental circulation Ⅲ fetal development Ⅲ blood pressure A s the main organ supplying nutrients, oxygen, and hormones to the fetus, the placenta can be a key to understand fetal programming of blood pressure. [1] [2] [3] Placental efficiency refers to the ability of the placenta to extract and transfer nutrients and oxygen from the mother to the fetus. It is commonly defined as the grams of fetus that can be supported by each gram of placenta 4 and simply calculated as the ratio between fetus and placenta weight. 5, 6 However, previous studies examining the associations between placentafetus weight ratio and offspring blood pressure have not reached consistency: some found positive associations, 6 -8 but others found none. 9,10 One possible reason is that intrauterine environmental insults may either constrain or stimulate placental growth, 11 and both placental restricted growth and overgrowth can initiate hypertension in offspring. 12 Other placental size measures, such as placental area and thickness, provide more valuable information for placental efficiency and growth. First, they mark 2 different dimensions of placental growth: area reflects lateral spreading/ expansion of the anchoring villi, whereas thickness indicates vertical arborization of the villous tree. 5,12 Second, they can proximately reflect different timing of intrauterine environment sufficiency. Placental area growth is almost completed by early in the third trimester, whereas placental thickness growth mainly occurs in late in the third trimester. 5 Third, they may be directly linked to the burden of the fetal cardiovascular system, including cardiac workload and hemodynamic burden. 13 However, little is known about the association between placental area or thickness and offspring blood pressure. Only 2 studies 12,14 have tried to examine these associations and reported inconsistent results for placental area: positive association with blood pressure in one study 12 but null in the other. 14 The first study 12 also found that placental thickness (derived from weight/area) was not associated with adult hypertension.
A s the main organ supplying nutrients, oxygen, and hormones to the fetus, the placenta can be a key to understand fetal programming of blood pressure. [1] [2] [3] Placental efficiency refers to the ability of the placenta to extract and transfer nutrients and oxygen from the mother to the fetus. It is commonly defined as the grams of fetus that can be supported by each gram of placenta 4 and simply calculated as the ratio between fetus and placenta weight. 5, 6 However, previous studies examining the associations between placentafetus weight ratio and offspring blood pressure have not reached consistency: some found positive associations, 6 -8 but others found none. 9, 10 One possible reason is that intrauterine environmental insults may either constrain or stimulate placental growth, 11 and both placental restricted growth and overgrowth can initiate hypertension in offspring. 12 Other placental size measures, such as placental area and thickness, provide more valuable information for placental efficiency and growth. First, they mark 2 different dimensions of placental growth: area reflects lateral spreading/ expansion of the anchoring villi, whereas thickness indicates vertical arborization of the villous tree. 5, 12 Second, they can proximately reflect different timing of intrauterine environment sufficiency. Placental area growth is almost completed by early in the third trimester, whereas placental thickness growth mainly occurs in late in the third trimester. 5 Third, they may be directly linked to the burden of the fetal cardiovascular system, including cardiac workload and hemodynamic burden. 13 However, little is known about the association between placental area or thickness and offspring blood pressure. Only 2 studies 12, 14 have tried to examine these associations and reported inconsistent results for placental area: positive association with blood pressure in one study 12 but null in the other. 14 The first study 12 also found that placental thickness (derived from weight/area) was not associated with adult hypertension.
Placental vascular pathological lesions, such as thrombus, infarct, necrosis, and hemorrhage, may be indicators of low uterus-placenta or fetus-placenta blood flow 15 and early vascular impairments. These vascular pathological lesions themselves can lead to further reduction in placental blood flow and also induce high vascular resistance. Animal experiments suggest that insufficient placental blood flow leads to increased fibrosis in the heart and kidneys, increased aortic wall thickening, and reduced number of kidney glomeruli in adolescent offspring. 16, 17 On the other hand, the high vascular resistance can increase fetal cardiac workload and hemody-namic burden 13 and thus induce temporary and possibly permanent changes in cardiovascular physiology and function. But no human studies have examined the associations between placental vascular pathological lesions and offspring blood pressure.
Repeatedly measuring offspring blood pressure from birth can help to better understand the role of the placenta on programming blood pressure, especially to distinguish placental disorders with short-term and long-term effects on offspring blood pressure. For example, infancy blood pressure can be a good marker for some short-term effects of intrauterine environments (eg, the placenta), 18 whereas blood pressure in later life may reflect the latent or long-term effects of the placenta.
Therefore, we had 2 aims in this analysis: (1) to examine the associations between detailed placental morphology measures (size and vascular lesions) and childhood systolic blood pressure (SBP), and (2) to examine whether the observed associations differed in infancy and middle childhood. We hypothesized that disproportionately large placental size (relative to birth weight) and vascular lesions were associated with high SBP, and these associations should be more evident with age.
Methods

Study Sample
We used data from the Collaborative Perinatal Project (CPP), a cohort study conducted in 12 cities throughout the United States. 19, 20 Nearly 59 500 pregnancies were enrolled at prenatal care (mostly in the second trimester) between 1959 and 1965. Approximately 58 000 live born infants were followed up until 8 years of age and assessed for health status periodically. For the purpose of this analysis, we only included 13 273 full-term singletons who had complete data on placental measures of interest, childhood SBP, and potential confounders. The Figure shows the flow chart of the analytic sample.
Outcome Measures
In CPP, data on SBP of the child was available at 4-month and 7-year follow-ups. SBP was measured once by physicians or nurses with the palpation method at 4 months of age and the auscultation method (manual sphygmomanometer) at 7 years of age. 21, 22 Blood pressure was obtained from the right arm with the child at rest for 10 to 15 minutes in a recumbent position. Approximately two thirds of the upper arm was covered with the blood pressure cuff with appropriate size (a Ն4-inch cuff for 7-year SBP). All infants were awake when blood pressure was measured. Blood pressure was not measured if the child could not be put in a resting state (eg, crying, excited, or apprehensive).
Exposure Measures
Placentas were collected, prepared, and examined according to a standard protocol. 23 Pathologists who examined placentas were blinded of pregnancy courses and outcomes. In this analysis, we focused on the following placental size measures and vascular pathological lesions.
Placental Size
Placental size measures were obtained from gross examination completed in the delivery room. Briefly, the placenta, without Figure. 
Vascular Pathological Lesions
Selected measures (eg, number, location, and size) of placental vascular pathological lesions were obtained from both gross and microscopic examinations. Thrombi were classified according to affected locations: the thrombi in vessels (umbilical cord, fetal, and decidual vessels; yes/no) and intervillous thrombi (the number: 0, 1, and Ն2). Infarct measures included the infarcts at cut surface (the number: 0, 1, 2, and Ն3) and villous microinfarcts (yes/no). Necrosis measures included necrosis at decidual basalis and margin (yes/no). Measures for retroplacental hemorrhage included the binary classification (yes/no) and the shortest distance (Ͻ1 cm and Ն1 cm) from hemorrhage edge to placental margin.
Covariate Measures
Birth weight was measured immediately after delivery and recorded in grams. Gestational age was defined as the interval between the last menstrual period and delivery date. Full term was defined as the gestational age between 37 and 42 complete weeks. Potential confounders included family socioeconomic status percentile, maternal age at pregnancy, race (white, black, and others), marital status (married versus unmarried), parity (primiparity versus multiparity), chronic hypertension and preeclampsia-eclampsia, the child's sex and gestational age, and the study site. Family socioeconomic status percentile was based on a composite index adapted from the US Bureau of the Census that averaged percentiles of family income as well as the education and occupation for the head of household. 26 We obtained the diagnoses of chronic hypertension, preeclampsia, and eclampsia from obstetric forms of CPP. Obstetricians made these diagnoses according to the American Committee on Maternal Welfare classification of toxemia published in 1952. 27 
Statistical Analysis
Pearson correlation coefficients were used to assess the correlations among different placental size measures. Adjusted mean differences in SBP and their 95% CIs were estimated from regression models. Given that each child was measured for SBP at 2 different ages (4 months and 7 years), we fit multivariable linear regression models with generalized estimate equations.
Based on Q-Q plot and Kolmogorov-Smirnov test, blood pressure and most placental size measures were distributed normally except placental thickness, which was often conventionally recorded as rounded numbers (1.5, 2, 2.5, or 3.0 cm), although its distribution was still symmetrical. We derived the percentiles for each placental size measure within the analytic sample, correcting for sex, 28 gestational age, 28, 29 and delivery method (vaginal versus cesarean). 29 Quintiles of placental size measures were used to examine their potential nonlinear associations (eg, U-shape 3 ) with childhood SBP. Trend tests were conducted by including quintiles as continuous variables in regression models. If the trend test was significant, the linear association was then assessed by using the z score of the placental size measure, which was calculated as (individual valueϪgroup mean)/SD. Given the multicollinearity between placental size measures, each regression model included one of them and potential confounders. To assess placental efficiency (placental size relative to birth weight), 5, 6 we fit 2 sets of models for placental size measures with or without adjusting birth weight and then compared the estimated associations in the 2 sets of models. For placental pathological lesion measures, we included them simultaneously, along with potential confounders in the regression models. The analysis was completed in SAS version 9.1 (SAS Institute Inc.). Table 1 shows maternal, offspring, and placental characteristics in the final analytic sample (nϭ13 273) and the full eligible sample of full-term singletons (nϭ30 206; sample definition in Figure) . Overall, there were no substantial differences in most characteristics between these 2 samples. Among children in the final analytic sample, 50.8% were boys, mean gestational age was 39.7 weeks, mean birth weight was 3217 g, and mean placental weight was 437 g. Mean SBP was 85.6 mm Hg (SD 15.5) and 101.2 mm Hg (SD 9.7) at 4-month and 7-year follow-up, respectively. Pearson correlation coefficient between 4-month and 7-year SBP was 0.04. Table 2 shows the correlation matrix for placental size measures. Most pairwise correlations were in the strong (rՆ0.5) or moderate (0.3ՅrϽ0.5) range. However, there was no substantial correlation (rϽ0.1) between placental thickness and largest diameter (rϭϪ0.04), smallest diameter (rϭ0.02), or area (rϭϪ0.01), nor was there substantial correlation between placental density and placental weight (rϭ0.05) or placenta-fetus weight ratio (rϭ0.09). 
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Discussion
Summary of Results
In a national prospective cohort, we examined the associations of placental morphology with infancy (4-month) and middle childhood (7-year) SBP. We found that placental weight and placenta-fetus weight ratio were only associated with middle childhood SBP; large placental size (ie, diameters, area, and volume) was associated with lower infancy SBP but higher middle childhood SBP; placental vascular pathological lesions were only associated with high infancy SBP. These associations could be explained by placental inefficiency and vascular resistance.
Placental Weight, Size, and Efficiency
Placental inefficiency has been hypothesized to predict high blood pressure in offspring. 30 This was supported by our finding that high placental weight and placenta-fetus weight ratio predicted higher middle childhood SBP. But we did not find their associations with infancy SBP, which suggests that placental weight may have some latent link to offspring SBP that is undetectable at infancy. But whether this is a causal or noncausal link remains unclear because some genetics, maternal factors (eg, nutrition, stress, smoking, hypoxemia, and anemia), and fetal exposures (eg, excessive glucocorticoid and hypoxia) may influence both placental weight and longterm SBP. 3, 31, 32 Alternatively, placental insufficiency may also be the mediator for these predisposed factors. In addition, intrauterine insults can either constrain or stimulate placental growth, depending on their timing and severity as well as maternal nutritional status. 12, 33 Thus, using noninvasive methods (eg, ultrasound) to monitor placental development throughout pregnancy can contribute to better understanding of how placental weight is related to long-term SBP.
Existing evidence regarding the association between placental area and offspring blood pressure is inconsistent. One previous study 12 found that the smallest diameter of the placenta was negatively associated with the risk of hypertension among adult offspring (mean age 62 years) of shorter mothers (height Յ160 cm), whereas the largest diameter was independent of adult hypertension. Another study did not find any association between placental area and blood pressure in *Adjusted for family socioeconomic percentile, maternal characteristics (age at pregnancy, race, marital status, parity, chronic hypertension, and preeclampsiaeclampsia), the child's sex and gestational age, and the study site.
†Additionally for birth weight. ‡P value for the trend test Ͼ0.05. ¶This should be interpreted with caution because the recorded placental thickness was not normally distributed.
adults 50 years of age. 14 Our own findings supported the link between placental area and childhood SBP. The largest and smallest diameters were similarly associated with childhood SBP. Interestingly, these 2 diameters and area were negatively associated with infancy SBP but positively with middle childhood SBP. Our explanation for this paradox is that a greater placental diameter or area presents lower placental vascular resistance, 5 which is associated with lower shortterm SBP, but a greater diameter or area relative to fetal size also marks placental inefficiency, which predicts higher long-term SBP. 30 We found that a too thin placenta was associated with high infancy SBP. Too thin placentas usually have inadequate branching or arborization of the villous tree and thus insufficient exchange surface for oxygen and nutrients. 5 However, in line with a previous study, 12 we did not find any association between placental thickness and middle childhood SBP. So, placental thickness does not seem to play an important role in programming long-term SBP. Alternatively, this null association may be because the errors (conventional rounding) of our thickness measure outweigh the modest but meaningful difference.
As a summary measure of area and thickness, placental volume had dose-response associations with offspring SBP in our sample. Unexpectedly, the association direction was negative for infancy SBP but positive for middle childhood *Adjusted for family socioeconomic percentile, maternal characteristics (age at pregnancy, race, marital status, parity, chronic hypertension, and preeclampsia-eclampsia), the child's sex and gestational age, and the study site.
SBP. This paradox may be because large placental volume is a marker of both low vascular resistance (low density) and placental inefficiency. More specifically, the former association (4-month SBP) might be explained by low vascular resistance, 5 whereas the latter one (7-year SBP) could be explained by placental inefficiency. 30 One previous study found that placental volume measured with ultrasound at 20 weeks of gestation was negatively associated with blood pressure in children 1 to 3.5 years of age. 34 Together, the association between placental volume and offspring blood pressure may change from a negative to a positive direction between early and middle childhood.
Placental Vascular Pathological Lesions
Some of our findings support the hypothesis that placental vascular pathological lesions may impact the development of organs and neuroendocrine functions related to blood pressure control. 16, 17 For example, thrombi in cord and decidual vessels, villous microinfarcts, necrosis at decidual margin, and basalis were associated with higher infancy SBP. These vascular lesions may narrow vascular diameter, reduce the fetus-placenta blood flow, and increase the vascular resistance on the fetus' heart. As an adaptive response, the fetus' heart has to work harder to pump the blood flow against the increased vascular resistance. 13 The combination of narrow vascular diameter and forceful heart pump can substantially elevate SBP. The elevated SBP in offspring may last for a period after birth and is thus detected in infancy. However, effects of these vascular lesions seem to diminish or disappear with age because they were not associated with high SBP in middle childhood in our sample.
Strengths
This was the first comprehensive analysis to examine the associations between placental morphology and offspring blood pressure in human population. In addition to conventional measures of placental weight and placenta-fetus weight ratio, we also extensively examined placental diameters, area, thickness, volume, density, and vascular pathological lesions. The large and national sample in CPP provided good generalizability of our findings as well as sufficient statistical power (especially for some uncommon vascular pathological lesions). With measured 4-month and 7-year SBP, we were able to explore the age trend in these associations. The blindness of pathologists to pregnancy courses and outcomes could reduce information bias. We also controlled for many important potential confounders.
Limitations
First, the considerable amount of missing data on placental measures and childhood SBP might introduce selection bias. However, we did not find any substantial differences in most characteristics of mothers, offspring, and placentas between the final analytic sample and the full eligible sample. Second, compared with oscillometry and Doppler ultrasound, the palpation method was insensitive for measuring infancy blood pressure, especially in those infants with small stroke volume. 35 This might contribute to part of the high variation for 4-month SBP. In addition, blood pressure was measured only once at each follow-up. However, these measurement errors were very likely to be independent of placental measures and thus should not lead to substantial bias. 36 Third, placental area, volume, and density were derived with mathematical formulas and thus were not very accurate. Finally, the CPP data were collected several decades ago. However, biological effects of the placenta should not change with time substantively, and therefore, new findings from this historical project are still very informative to current practice.
Perspectives
We have found that high placental weight and placenta-fetus weight ratio are associated with higher middle childhood SBP; large placental size is associated with lower infancy SBP but higher middle childhood SBP, whereas placental vascular pathological lesions only predict high infancy SBP. Despite uncertain causality, these novel findings can advance current limited knowledge in this field. Placental inefficiency predicts long-term blood pressure, whereas vascular resistance and lesions may only influence short-term blood pressure. Using state-of-the-art technology to monitor placental growth, blood flow, vascular resistance, hormones (eg, growth factor and 11␤-hydroxysteroid dehydrogenase type 2), and epigenetic markers can assure whether, and reveal how, this important "black box" (the placenta) influences the long-term cardiovascular health of offspring.
